Asexual species are thought to suffer more from coevolving parasites than related sexuals. Yet, this 26 prediction may be modulated by the fact that closely related sexuals and asexuals often differ in 27 respects other than reproductive mode. Here, we follow the frequency dynamics of sexual and 28
Introductionasexuals are overrepresented among invasive species (Ellstrand & Schierenbeck 2000; Sakai et al. 62 2001) . Additionally, invasive species do not share evolutionary history with the native parasite 63 species in their invasive ranges. This can provide a parasite-mediated competitive advantage for 64 invaders over residents, as local adaptation of parasites to resident hosts is thought to be common 65 (Torchin et al. 2003) . Hence, considering that asexuals are more common among invasive species 66 and that parasites are likely more adapted to residents than to invaders, sexuals rather than asexuals 67 may be predicted to suffer more from parasites during the early phases of invasion. 68 69 Here, we document the rapid replacement of a sexual by a closely related asexual taxon in nature and 70
show experimentally that this replacement was very likely driven by parasites. We discuss the results 71 with respect to sex-asex predictions, as well as with respect to invasion biology (the asexual taxon is 72 invasive). The aim of this study is not to pinpoint the ultimate driver behind parasite-driven 73 competition in sex-asex systems, but rather to showcase a specific empirical example where 74 asexuals, rather than sexuals, enjoy a parasite-mediated advantage. We then discuss the implications 75 of these findings for other empirical sex-asex comparisons. 76 77 Specifically, we studied cyclical and obligate parthenogenetic lineages of the freshwater cladoceran 78
Daphnia pulex that occur in small rock pools to form dynamic metapopulations across the skerry 79 archipelago of Southern Finland (Pajunen 1986 Xu et al. 2015) . It is 90 unknown exactly when the asexuals were introduced to Europe, but it was probably near the 91 beginning of the 20 th century in the ballast water of transport ships returning from the Laurentian 92
Great Lakes, a transport route common to many aquatic invasive species (Carlton 1985; Williams et 93 al. 1988 ). The cyclical parthenogenetic D. pulex in our study system belong to the European clade, 94 which, however, may represent a different species (Mergeay et al. 2008; Markova et al. 2013 ). In the 95 absence of a formal description of the two taxa as different species, we here still use the species 96 name D. pulex for both, but refer to them as closely related taxa. Obligate asexuals (hereafter 97 "asexuals") produce both live-born offspring and diapausing stages asexually, whereas cyclical 98 parthenogens (hereafter "sexuals") have several asexual generations (production of live-born 99 offspring) and typically one sexual generation (production of diapause stages) per year ( (Table S1 ). The two cultures per host taxon were combined to produce the spore 159 cocktails for infection (one cocktail derived from sexual hosts, one from asexual hosts). pulex hosts on which the spores were grown were those on which the parasite was collected, which 197 were different clones from those used in the experiments (Table S1) . hosts came from two separate ponds for both the sexual and asexual cultures (Table S1 ). The total 214 number of spores was equalized between the two treatments (spore numbers were estimated using a 215
Neubauer improved counting chamber) and then distributed equally over the respective tubes. Recorded parameters from the experiment were age at first reproduction, reproductive output (total 228 number of offspring recorded across all changing events), age at death, as well as infection status and 229 number of spores at death. To determine the number of spores at death, each individual was 230 homogenized in 0.3 ml of medium and the concentration of spores was determined using a Neubauer 231 Improved counting chamber. 232
233

Data analysis 234
All statistical analyses were performed using the software R (R Core team 2013). For the outdoor 235 competition experiment, we used a generalized linear-mixed model with a binomial error distribution 236 to look at differences in the frequency of the sexuals vs. asexuals (R program lme4). For data 237 analyses, each sexual individual was coded as 1, and each asexual individual as 0. We used treatment 238 (control, parasite-exposed) and sampling time point as fixed factors, whereas replicate culture and 239 pond pair were treated as random factors, with replicate culture nested within treatment: 240 breedingtype ~ treatment*time + (1|treatment/replicate) + (1|pair of ponds), family = binomial. We 241 used a similar generalized linear mixed model to investigate differences in parasite prevalence 242 (proportion of individuals infected, each individual being counted as either infected or uninfected) 243 between the sexual and asexual cultures, but here we used the parasite-exposed treatment only: 244 infection_status ~ breedingtype*time + (1|replicate), family = binomial. Before running the analysis, 245
we verified model assumptions and absence of over-dispersion by calculating the sum of the squares 246 of the Pearson residuals and comparing them with the residual degrees of freedom using a chi-247 squared test. 248
249
Data on age at death, reproductive output and age at first reproduction from the laboratory 250 experiment were evaluated using linear mixed models in R, with the nlme package. Breeding type 251 (asexual or asexual), and treatment (control, infected) were set as fixed factors and clone as a random 252 factor: trait ~ breedingtype*treatment, random= ~ (1|breedingtype/clone). Only those individuals that 253 successfully became infected were used for comparison between treatments. We then used the same 254 analysis exclusively on the infection treatment (and those individuals that actually became infected), 255 but now used spore origin instead of treatment to test whether the different life history traits were 256 affected by whether the G. vavrai spores were derived from sexual or asexual host clones. Using the 257
same data, we also tested for differences in spore load at death using the same model as for the life 258 history traits, as well as for differences in parasite prevalence (number of exposed individuals that 259 became infected). For the latter, we used a generalized linear mixed model, with infection success as 260 the response variable (1 = successfully infected, 0 = infection failed) and a binomial error 261 distribution. Breeding type and spore type (sexual or asexual host origin) were held as fixed factors, 262 whereas clone was a random factor nested within breeding system: infection status ~ 263 breedingtype*sporetype, random= ~ 1|breedingtype/clone, family = binomial. As above, we verified 264 model assumption and absence of over-dispersion before running the analyses. 265
266
Results
267
Dynamics in the natural pond 268
There were strong seasonal dynamics in the relative frequencies of sexuals and asexuals (Fig. 1) . The higher prevalence in sexuals was still significant on July 25 th (infected: 3 sexuals, 5 asexuals, 286 uninfected: no sexuals, 72 asexuals, P = 0.0007), but not anymore on July 30 th , when all 13 infected 287 individuals were asexuals, whereas 2 among 74 uninfected individuals were sexuals (P > 0.5). The 288 latter result shows that not all sexuals became infected and died during the epidemic. 
Outdoor experiment 293
Asexuals performed relatively better in the competition experiment in the presence of the parasite G. 294 vavrai than in their absence (Fig. 2) . The infected cultures had higher frequencies of asexuals than 295 the control cultures (z = -3.04, df =2, P = 0.002). This was true at both sampling time points and thus 296 sampling time was not a significant factor in the linear mixed model (z = 0.60, df =2, P = 0.551). In 297 addition, in the parasite treatment, a greater number of sexuals became infected, as opposed to 298 asexuals (z = 2.21, df =2, P = 0.038; Fig. 2 ). Again sampling time point was not significant (z = 0.41, 299 df =2, P = 0.389). 300
301
Laboratory experiment 302
In line with the results from the outdoor experiment, 76.3 % of the sexual individuals exposed to G. 303 vavrai spores became infected, whereas only 25.0 % of the asexuals did so (z = 4.96, df = 2, P < 304 0.001; Fig. 3a) . The comparison of the infected individuals (spore origins not distinguished) with the 305 uninfected controls revealed clear negative fitness effects of infection: infected individuals died 306 sooner (t = -5.14, df = 149, P < 0.001) and were less fecund (t = -5.90, df = 149, P < 0.001), while 307 there was no significant effect for age at maturity (t = 1.47, df = 149, P = 0.143; Fig. 4 ). In no case 308 was breeding system a significant factor on its own, suggesting that there was no clear main 309 difference in life-history traits between sexuals and asexuals under the experimental conditions (age 310 at death: t = 0.52, df = 6, P = 0.620; age at maturity: t = 0.04, df = 6, P = 0.972; reproductive output: 311 infection for reproductive output (t = -3.10, df = 149, P = 0.002), suggesting that infection reduced 313 the reproductive output of sexuals more strongly than that of asexuals, whereas asexuals had a 314 somewhat lower reproductive output in the controls. The interaction was non-significant for age at 315 death (t = -1.02, df = 149, P = 0.307) and for age at maturity (t = -0.51, df = 149, P = 0.614). 316 317 Looking only at the infected individuals, there was no significant difference in spore load at death 318 between sexual and asexual Daphnia (t = -0.60, df = 71, P = 0.553; Fig. 3b) . Furthermore, the spore 319 origin did not appear to affect infection success or spore load, either overall or differently between 320 sexuals and asexuals (non-significant main effects: infection success: z = 1.03, df = 2, P = 0.304; 321 spore load at death: t = 0.20, df = 150, P = 0.845; and non-significant interactions with breeding 322 type: infection success: z = -1.28, df = 2, P = 0.200; spore load at death: t = 0.64, df = 71, P = 0.522). 323
However, spore origin affected the reproductive output. Spores obtained from asexual hosts reduced 324 the reproductive output of asexuals more than spores obtained from sexual hosts, whereas no such 325 effect was observed in the sexuals (breeding type x spore type interaction: t = -2.85, df = 71, P = 326 0.006). Finally, spore origin did not affect age at death, or age at maturity (breedingtype*sporetype 327 interaction; age at death: t = -1.51, df = 71, P = 0.135; age at maturity: t = -0.25, df = 71, P = 0.805; 328 abundant, parasites are predicted to adapt to them (Morran et al. 2011) . Indeed, in our laboratory 365 experiment, the spores obtained from asexual hosts were more virulent to asexuals than spores from 366 sexual hosts. While this test was not replicated (we only tested one mixture of two parasite isolates 367 from each of the two host types), this result suggests that some effects of parasite adaptation towards 368 asexual hosts may have started to become visible. Finally, we cannot entirely exclude that the higher 369 fitness of the asexuals in the presence of the parasite is due to the adaptation of asexuals to the 370 parasite (rather than of the parasite to sexual hosts). However, this seems less plausible given the 371 likely lack of a shared long-term evolutionary history. Tables -supplementary material  423  424  Table S1 : Host and parasite origins for the outdoor experiment (experiment 1) and the laboratory 425 experiment (experiment 2). Ponds used both for G. vavrai spores in experiment 2 and for D. pulex in 426 experiment 1 were previously uninfected (an uninfected Daphnia sample was obtained from these 427 ponds for experiment 1). 428 
asexual clones sexual clones
